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Abstract 
 
The progression of highly boosted internal combustion engines (ICEs) faces impediments due to the super-knock 
phenomenon primarily associated with detonation development during end gas autoignition. Although it is well 
known that hot spot potentially triggers super-knock, quantitative prediction of super-knock and detonation 
development across diverse states and fuels remains a challenge. This study numerically investigates the transient 
autoignition process induced by a hot spot, considering different initial states and fuels (including alternative fuels 
H2, CH4, and conventional PRFs), with an emphasis on the chemical effects. It is found that the intense exothermic 
stage (IES) in a stoichiometric H2/air mixture greatly differs from those in hydrocarbon/air (CH4/air and PRF/air) 
and lean or diluted H2/air mixtures. Through sensitivity analysis, key elementary reactions dominating the 
autoignition are identified, attributing their impact on the IES primarily to their influence on the radical pool rather 
than on the heat release rate. It is found that only reactions H+O2⇌O+OH and H2O2(+M)⇌OH+OH(+M) 
significantly affect both excitation time and ignition delay time, suggesting that the kinetic pathway controlling 
the IES differs somewhat from that governing the overall ignition. For the autoignition induced by a hot spot, two 
types of detonation feature are identified: one corresponds to stoichiometric H2/air with broad detonation regime 
and short excitation time, while the other is associated with other fuel/air mixtures exhibiting relatively narrow 
detonation regime and prolonged excitation time. These findings highlight that the excitation time predominantly 
governs the detonation development. All hydrogen/air mixtures (stoichiometric, lean, and diluted) manifest a 
suppressed detonation intensity compared to hydrocarbon/air mixtures. Moreover, due to its significantly higher 
reactivity in the IES, stoichiometric H2/air has an additional normal detonation sub-mode for hot spot with larger 
temperature gradient. This sub-mode greatly expands the detonation regime and thereby results in a notably higher 
detonation propensity for the stoichiometric H2/air mixture. 
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The novelty of this research is that (1) it investigates the kinetic effects on the heat release properties and detonation 

development induced by a hot spot; (2) it quantifies the conditions for typical autoignition modes across alternative 

fuels H2, CH4, and conventional PRFs under engine-relevant conditions; and (3) it identifies an additional normal 

detonation sub-mode of stoichiometric H2/air mixture due to its extremely short excitation time, which greatly 

expands its detonation development regime.  

It is significant because (1) it identifies the key elementary reactions dominating the autoignition, which affect the 

excitation time mainly through their influence on the radical pool rather than on the heat release rate; (2) it 

highlights that the excitation time predominantly governs the detonation development, leading to a significantly 

higher detonation propensity of stoichiometric H2/air compared to other fuel/air mixtures; and (3) it provides 

helpful understanding of detonation development for various fuels under engine-relevant conditions. 

  

2) Author Contributions  

 

 H.C.L. performed the simulations, analyzed the data. 

 P.D. designed the research, analyzed the data, wrote and revised the paper. 

 X.H.G. designed the research, interpreted the results. 

 Z.C. designed the research, revised the paper. 

 All authors discussed the results and contributed to the final manuscript. 

 

3) Authors’ Preference and Justification for Mode of Presentation at the Symposium  

The authors prefer OPP presentation at the Symposium, for the following reasons: 

 The super-knock problem is well-known in ICE community and inclusion of extensive background 

information is not required. 

 The paper focuses on the less-explored kinetic effects on detonation development and provides novel 

results. 

 The findings will be more effectively conveyed through a room-audience-level interactive presentation 
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1. Introduction 1 

 2 

The prevalent use of highly boosted spark ignition 3 

engines (SIEs) faces a critical challenge known as 4 

“super-knock”, which hinders in-cylinder pressure 5 

elevation and clean fuel utilization [1-4]. 6 

Understanding the causes of super-knock, particularly 7 

abnormal autoignition events including detonation, is 8 

crucial for advancing downsized internal combustion 9 

engine (ICE) technology. While it is recognized that 10 

hot spot potentially triggers the super-knock, 11 

quantitative prediction of  super-knock and detonation 12 

development remains a challenge [3]. Furthermore, 13 

alternative fuels like hydrogen and methane offer 14 

high-efficiency and low-emissions potential, but their 15 

super-knock properties along with the involved 16 

chemical kinetics remain poorly understood [5, 6], in 17 

comparison with conventional hydrocarbons used in 18 

ICEs. Therefore, a comprehensive study on end-gas 19 

autoignition and detonation development for various 20 

fuels, particularly from a chemical perspective, is 21 

essential. 22 

The detonation peninsula proposed by Bradley and 23 

coworkers [7, 8] provides a valuable framework for 24 

characterizing autoignition induced by hot spot. This 25 

model employs two key parameters: the normalized 26 

temperature gradient (ξ) and the ratio of acoustic time 27 

to excitation time (ε). In contrast to ignition delay time, 28 

which denotes the duration to reach maximum heat 29 

release rate, excitation time is defined as the interval 30 

between 5% and maximum heat release rate, 31 

evaluating the rapidity and intensity of major ignition 32 

heat release. Compared to ZND induction length or 33 

ignition delay time, excitation time can better assess 34 

the coupling between local autoignition reaction and 35 

pressure wave. The model by Bradley and coworkers 36 

has been extensively utilized in the study of engine 37 

knock and further extended by subsequent researches 38 

[1-3, 9-16]. Our studies [12, 17, 18] revealed obvious 39 

deviations in the transient autoignition front 40 

propagation speed from the prediction based solely on 41 

the normalized temperature gradient ξ. To address this, 42 

we introduced a modified non-dimensional parameter 43 

accounting for the transient propagation, ξa, which 44 

more accurately describes various autoignition modes 45 

of large hydrocarbons. Recent work by Pan et al. [15, 46 

16] identified a second detonation regime 47 

characterized by steep temperature gradients, 48 

demonstrating that curvature-induced weakening in 49 

propagation speed significantly affects detonation 50 

development. Zhang et al. [19] introduced the ignition 51 

Damköhler number to improve quantification of the 52 

detonation peninsula for NH3/H2/air mixtures. Luong 53 

et al. [20] proposed a novel model incorporating 54 

multi-dimensional effects to predict the developing 55 

detonation regime of NTC fuels. In our recent studies, 56 

we assessed the effects of pressure/shock wave wall-57 

reflection on autoignition in a confined space [21], 58 

and identified two detonation sub-modes, normal and 59 

over-driven detonation [22]. 60 

However, limited attention was paid to the impact 61 

of combustion chemistry on end gas autoignition and 62 

detonation development. While previous studies 63 

emphasized the pivotal role of excitation time in 64 

detonation development [18, 22, 23], the chemical 65 

implication is still not fully understood. Chemical 66 

reactions dominate the heat release process and 67 

therefore imposes great influence on local pressure 68 

accumulation and propagation. Notably, H2 exhibits 69 

significantly shorter excitation time compared to CH4 70 

and larger hydrocarbons, potentially resulting in 71 

distinct autoignition properties [5, 19, 24]. On the 72 

other hand, the transient autoignition behavior can 73 

hardly be predicted directly from homogeneous 74 

ignition calculations due to complex interactions 75 

between local chemical reactions and pressure waves. 76 

For instance, our previous research [22] demonstrated 77 

that the significant deviations in the transient 78 

autoignition front propagation compared to 79 

predictions from homogenous ignition delay are 80 

primarily attributed to the non-uniform compression 81 

effect induced by gradually enhanced pressure waves. 82 

Therefore, this study further delves into the coupled 83 

effects of autoignition kinetics and pressure/shock 84 

wave propagation, conducting a comprehensive 85 

examination of the autoignition properties of several 86 

typical fuels, including H2, CH4, and Primary 87 

Reference Fuels (PRFs), with an emphasis on the 88 

chemical effects. This study aims to: (1) evaluate the 89 

kinetic effects on the ignition and heat release 90 

properties for different fuels under engine-relevant 91 

conditions; (2) elucidate the influence of heat release 92 

properties on end gas autoignition and detonation 93 

development; and (3) quantify the conditions under 94 

which typical autoignition modes occur across various 95 

fuel/air compositions and thermal states. 96 

 97 

2. Numerical model and specifications 98 

 99 

Here we consider H2, CH4, and PRFs consisting of 100 

n-heptane and iso-octane. To analyze the kinetic 101 

effects for all these fuels, we use a skeletal PRF model 102 

[25] consisting of 171 species and 861 elementary 103 

reactions. For the investigation of 0D and 1D 104 

autoignition characteristics, the chemical models for 105 

H2 [26], CH4 [27] and PRF [25], which are well-106 

calibrated for engine-relevant conditions, are 107 

respectively utilized. The ignition parameters 108 

predicted by these models are overall consistent with 109 

each other under the thermal conditions considered in 110 

this study, which is shown in the Supplementary 111 

Material.  112 

We first analyze the kinetic effects on the 0D 113 

homogeneous constant-volume autoignition process. 114 

Their relevance in localized autoignition is then 115 

explored by considering the different fuel/air mixtures 116 

in an adiabatic, closed, spherical chamber featuring a 117 

central hot spot. To isolate the kinetic effects as well 118 

as its interaction with pressure accumulation and 119 

propagation, we carry out 1D simulations without 120 

turbulence. It is essential to note that turbulence could 121 
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potentially influence autoignition when its temporal 1 

and spatial scales are comparable with those of 2 

combustion process [14, 25], which is beyond the 3 

scope of this study. Besides, the 1D configuration here 4 

does not fully represent real engine conditions (for 5 

example, multi-dimensional effects and wall cooling 6 

influences are not considered). Previous research [12] 7 

has shown that the curvature effect attenuates 8 

detonation and pressure waves in spherical 9 

configuration compared to planar configuration. 10 

However, curvature-induced instabilities associated 11 

with cellular structures of 2D or 3D detonation waves 12 

during super-knock scenarios require further 13 

examination. 14 

Due to spherical symmetry, the radial temperature 15 

distribution within the chamber is characterized by a 16 

linear hot spot with negative gradient: 17 

 
   0 0 00

0 0

     ( )
  

      ( )
i

w

T r r dT dr r r
T r

T r r R

  
 

 
  (1) 18 

where r is the radial spatial coordinate; r0 is the hot 19 

spot radius within the range of 0.3 to 8 mm, which is 20 

chosen to cover typical values assumed in super-21 

knock investigations [2, 23]; Rw is the radius of the 22 

chamber, fixed at 4 cm; (dT/dr)0 is the specified 23 

temperature gradient of the hot spot, and T0 is the 24 

initial temperature outside the hot spot. Initially, the 25 

fuel/air mixture in the chamber is uniform and static 26 

at pressure P0. We select P0=20 atm to represent the 27 

in-cylinder pressure of normal engines, and P0=40 28 

atm to represent that of boosted engines [4]. High 29 

initial temperatures of T0=1000 K and 1200 K are 30 

chosen to exclude the influence of low-temperature 31 

chemistry, which could significantly complicate the 32 

autoignition process of large hydrocarbons [12, 13]. 33 

Stoichiometric fuel/air, lean H2/air at the equivalence 34 

ratio of φ=0.4, and diluted H2/air with 45% N2 35 

addition in volume are considered in this study. In the 36 

following context, the term "fuel/air" (e.g. H2/air) 37 

denotes a stoichiometric composition, unless 38 

otherwise specified. 39 

The transient autoignition process is simulated 40 

using the in-house code A-SURF [12, 28] which 41 

solves conservation equations for 1D, compressible, 42 

multi-component, reactive flow using the finite 43 

volume method. Species diffusion velocity is 44 

computed using the mixture-averaged model. To 45 

accurately capture the reaction zone, pressure wave, 46 

shock wave, and detonation wave, we use a multi-47 

level, dynamically adaptive mesh algorithm. The 48 

finest mesh size covering them is 0.4 μm, and the 49 

corresponding time step is 0.02 ns. The grid 50 

convergence is ensured. The precision of A-SURF in 51 

predicting detonation development, shock wave and 52 

flame propagation has been extensively validated in 53 

the previous studies and the details on governing 54 

equations, numerical methods and code validation can 55 

be found in Refs. [12, 13, 18, 22]. 56 

 57 

3. Results and discussion  58 

 59 

 60 
Fig. 1 Change of (a) maximum heat release rate, (b) 61 

excitation time and (c) excitation heat release with the 62 

initial temperature at P0=40 atm. PRF0 and PRF100 63 

respectively denote pure n-heptane and iso-octane. 64 

 65 

Figure 1 shows three parameters characterizing the 66 

intense exothermic stage (IES), defined as the interval 67 

between 5% and maximum of transient heat release 68 

rate, at P0=40 atm. These parameters include the 69 

maximum heat release rate (qmax), excitation time (τe, 70 

defined as the temporal duration of the IES [8]) and 71 

excitation heat release (Qe, defined as the cumulative 72 

heat release within the IES). Notably, for 73 

stoichiometric mixtures, qmax (τe) of H2/air is up to an 74 

order of magnitude larger (shorter) than that of 75 

PRF/air and CH4/air, while Qe of all fuels is close to 76 

each other. This disparity suggests a potential 77 

reinforcement of the IES for H2/air, leading to a 78 

strengthened local pressure accumulation due to 79 

intensified chemical energy input. Nevertheless, the 80 

scenario shifts when examining lean H2/air (φ=0.4) or 81 

diluted H2/air (with 45% N2 addition), wherein qmax 82 

and τe approach those of PRF/air and CH4/air, and Qe 83 

markedly decreases. Besides, the distinctive trends in 84 

qmax (decreasing with T0) and τe (insensitive to T0, as 85 

corroborated by Fig. S2 in the Supplementary 86 

Material considering different P0 and chemical 87 

models) of stoichiometric H2/air respectively differ 88 

from those of other fuel/air mixtures (i.e., qmax 89 

increases while τe decreases with T0,). 90 

Furthermore, the reduction of pressure to P0=20 91 

atm induces notable change of qmax, Qe, and τe, to 92 

approximately 1/3, 1/2, and 1.5 times, respectively, 93 

compared to their counterparts at P0=40 atm (see Fig. 94 

S3 in the Supplementary Material), while maintaining 95 

their respective trends of variation. This underscores 96 

the substantial impact of pressure variation on the IES 97 

characteristics. 98 

To identify the key elementary reactions involved 99 

in autoignition process, we conduct sensitivity 100 

analysis in terms of τe, qmax, and the ignition delay 101 

time (τig, defined as the time for qmax, with its 102 

variations illustrated in Fig. S4 in the Supplementary 103 

Material) for different fuels using the skeletal PRF 104 
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model [25]. The sensitivity coefficient of τe with 1 

respect to the ith elementary reaction is defined as: 2 

 2
e ii i ie e e

K K KS   
,

( ) ( ) ( )     (2) 3 

where τe (2Ki) represents the excitation time when the 4 

rate constant of the ith elementary reaction is 5 

artificially modified to be 2 times of its original value 6 

(Ki). A negative (positive) value of Se,i indicates that 7 

the duration of the IES is reduced (prolonged) by the 8 

ith elementary reaction. The definitions of sensitivity 9 

coefficients of qmax and τig (i.e. Sq,i and Sig,i) are similar 10 

to that of Se,i. 11 

Figure 2 summarizes the identified key reactions 12 

dominating the IES, which is featured by τe and qmax. 13 

The positive (negative) sign labeled after each 14 

reaction denotes that the reaction is exothermic 15 

(endothermic). The contribution of each reaction to 16 

the total heat release rate is summarized in the left 17 

table, and their heat release profiles are shown in the 18 

Supplementary Material. It is noted that although R24 19 

is a prominent heat release reaction during ignition, its 20 

ranking in contribution to qmax appears relatively low, 21 

as shown in Fig. 2. This is primarily due to the 22 

definition of the ranking, which is calculated at 23 

ignition delay time. Specifically, R24’s peak heat 24 

release rate lags behind qmax at ignition delay time, as 25 

illustrated in Fig. S5 of the Supplementary Material. 26 

Comparison between Figs. 2(a) and 2(d) reveals that 27 

the signs of Se,i and Sq,i are always opposite, while 28 

their absolute values exhibit the same variation trends. 29 

That is consistent with Fig. 1 where the variation 30 

trends of τe and qmax are always opposite to each other 31 

for specific fuel/air mixture. It is noted that no direct 32 

correlation is observed between the reaction’s 33 

exothermicity and its impact on the IES. Furthermore, 34 

the left table demonstrates that the most important 35 

reactions affecting the IES, characterized by the 36 

largest Se,i and Sq,i absolute values (R1 and R24), do 37 

not make the greatest contribution to the heat release 38 

rate. Conversely, as one of the reactions contributing 39 

most to heat release rate, R8 only corresponds to 40 

moderate Se,i and Sq,i values. In fact, the impact of 41 

elementary reactions on the IES, which is featured by 42 

τe and qmax, primarily stems from their influence on the 43 

radical pool build-up, rather than on the heat release 44 

rate. Figure 2 demonstrates that a reaction will 45 

promote the IES (i.e., to reduce τe and increase qmax) 46 

only if it benefits the radical pool accumulation (i.e., 47 

R1, R24 with OH replaced by H, R16 and R2), while 48 

weakening the IES if it impedes the radical pool build 49 

up (i.e., R87, R13 and R8). The influence of R3 in 50 

H2/air is contrary to that in other fuel/air mixtures 51 

since H2 is quite abundant in the former condition and 52 

thus R3 produces massive H radical, while for other 53 

fuels R3 directly competes with R24 which is the 54 

main pathway forming H radical. As shown in Figs. 55 

2(a)-(c), the kinetic effects on the IES are generally 56 

mitigated at higher temperatures and lower pressures. 57 

 58 

 59 
Fig. 2 Left: ranking and percentage of the contribution of key elementary reactions to the maximum heat release rate at 60 

T0=1200K, P0=40atm. Right: sensitivity coefficients of (a)-(c) excitation time and (d) maximum heat release rate with respect 61 

to key elementary reactions for stoichiometric fuel/air mixtures. The initial conditions, T0 and P0, are shown in the figure. 62 
 63 

Table 1 Key elementary reactions determining the ignition 64 

delay time. 65 

 66 
The key reactions determining the overall ignition 67 

are also identified through the sensitivity analysis in 68 

terms of τig, which are listed in Table 1 except several 69 

H-abstraction reactions for n-heptane and iso-octane. 70 

The details are available in the Supplementary 71 

Material. Figure 2 and Table 1 reveal that only R1 and 72 

R16 affect both τe and τig significantly, implying that 73 

the kinetic pathway controlling the IES is not exactly 74 

the same as that governing the overall ignition. This 75 

is generally consistent with the prevailing 76 

understanding that autoignition is primarily 77 

influenced by rate-limiting reactions involving chain 78 

initiation and propagation steps, while heat release is 79 

predominantly affected by termination steps typically 80 

characterized by large exothermicity. However, this 81 

study reveals that the key reactions control the IES 82 

Se,i Sq,iSe,iSe,i

T0=1200K, P0=40atm T0=1200K, P0=40atmT0=1000K, P0=20atmT0=1000K, P0=40atm

(a) (d)(c)(b)

Exothermic (+)

/Endothermic (-)
Sig,iReactionNo.

--H+O2 ⇌ O+OHR1

--H2O2(+M) ⇌OH+OH(+M)R16

++HO2+HO2 ⇌H2O2+O2R15

++H+O2(+M) ⇌ HO2(+M) R9

++CH3+HO2 ⇌ CH4+O2R99

+-CH3+HO2 ⇌ CH3O+OHR98

++CH3+CH3(+M) ⇌ C2H6(+M) R128

--H2+HO2 ⇌H2O2+H (only for H2)R18

--CH4+HO2 ⇌ CH3+H2O2 (only for CH4)R91
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mainly by affecting the radical pool rather than the 1 

heat release rate, as illustrated in Fig. 2. 2 

Eleven sets of conditions, representing diverse 3 

mixture compositions and thermal states, are selected 4 

for further investigation into the 1D autoignition 5 

process. They are depicted in Fig. 3 alongside their 6 

IES features (i.e., normalized τe, qmax and Qe). Figure 7 

3 illustrates that the heat release of IES, Qe, remains 8 

relatively insensitive to the alterations in conditions. 9 

Conversely, τe (qmax) of stoichiometric H2/air 10 

(conditions C-7 to C-9) exhibits significantly shorter 11 

(larger) values compared to other conditions, 12 

including lean and diluted H2/air (conditions C-10 and 13 

C-11). Notably, the reduction in P0 exerts a significant 14 

influence on qmax, making qmax of condition C-8 nearly 15 

comparable to those of other fuels, even though its τe 16 

remains markedly shorter. 17 
 18 

 19 
Fig. 3 Fuel, temperature, pressure and the normalized value 20 

of τe, qmax and Qe for Conditions C1-11 considered in 21 

simulations. Condition C-1 is the reference condition. 22 
 23 

Based on the above selected conditions, thousands 24 

of 1D autoignition cases were simulated, and different 25 

hot spot features (size r0 and temperature gradient 26 

(dT/dr)0, see Eqn. 1) were considered. Among these 27 

cases, three autoignition modes are identified: (I) 28 

supersonic reaction front propagation, (II) detonation 29 

development, and (III) subsonic reaction front 30 

propagation. Details regarding the temporal evolution 31 

of these modes can be found in our previous studies 32 

[17, 18, 21, 22]. According to Gu et al. [8], the 33 

normalized temperature gradient of the hot spot, ξ, is 34 

defined as: 35 

   
0 c

dT dr dT dr       (3) 36 

where (dT/dr)c denotes the critical temperature 37 

gradient at which the theoretical autoignition front 38 

propagation speed, ua
T, equals to the sound speed, a: 39 

    
1

0igc
dT dr a d dT



     (4) 40 

However, the parameter ξ, derived from initial 41 

temperature distribution and ignition delay τig, cannot 42 

adequately characterize the transient propagation of 43 

autoignition front due to the evolving spatial 44 

distribution of ignition delay over time [12, 17, 18, 22]. 45 

Therefore, we introduce the parameter ξa to account 46 

for transient autoignition front propagation [17, 18]: 47 

,a spota a u         (5) 48 

whereua,spot is the average speed of autoignition front 49 

propagating within the hot spot, defined as the ratio of 50 

r0 to the time duration for the front to traverse the hot 51 

spot, as determined from 1D simulation. According to 52 

Eqn. 5, ξa provides an improved assessment of the 53 

transient interplay between the autoignition front and 54 

the pressure wave propagating at around sound speed. 55 

Additionally, the parameter ε, evaluating the ratio of 56 

acoustic time to excitation time, is defined as [8]: 57 

 0 er a         (6)  58 

 59 

 60 
Fig. 4 Change of the normalized maximum pressure, 61 

Pmax/Pe, with ξa, for (a) stoichiometric PRF/air and CH4/air, 62 

(b) stoichiometric H2/air, (c) lean H2 with φ=0.4, and (d) 63 

diluted H2/air with 45% N2 addition. 64 
 65 

The transient 1D autoignition cases can be 66 

characterized by its maximum local pressure, Pmax, 67 

normalized by the corresponding equilibrium pressure, 68 

Pe. Figure 4 shows the variation of Pmax/Pe with ξa for 69 

different cases, and the detonation development 70 

regimes with Pmax/Pe≥2 are highlighted by yellow 71 

background. More results are available in Section S4 72 

of the Supplementary Material and similar trends are 73 

observed. In Figure 4(a), the curve of Pmax/Pe versus 74 

ξa of CH4/air is close to those of PRF/air, although 75 

there exists large discrepancy between their ignition 76 

delay (τig=31227 μs, 600 μs, and 973 μs for CH4/air, 77 


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PRF0/air and PRF100/air, respectively). This implies 1 

that once the impact of sequential autoignition caused 2 

by the ignition delay non-uniformity is factored into 3 

the parameter ξa, the extra influence exerted by τig on 4 

1D autoignition characteristics is marginal. Notably, 5 

for PRF0, PRF100 and CH4 at identical initial state 6 

(i.e., T0=1000 K, P0=40 atm, and r0=5 mm), both the 7 

Pmax/Pe values and the range of ξa for detonation 8 

development increase with ε (i.e., ε=8.1, 10.8 and 12.7 9 

for C-5, C-3, and C-1 in Fig. 4a). This underscores the 10 

predominant influence of ε on the detonation 11 

development across various hydrocarbon fuels.  12 

Conversely, Fig. 4(b) presents distinct autoignition 13 

characteristics for stoichiometric H2/air in comparison 14 

to PRF/air and CH4/air (i.e. hydrocarbon/air). 15 

Specifically, a broad plateau exists in each Pmax/Pe-ξa 16 

curve on the right side of its peak. This significantly 17 

increases the upper limits of ξa for detonation 18 

development (up to 8 in Fig. 4b) compared to those of 19 

hydrocarbon/air (less than 2 in Fig. 4a), indicating a 20 

much higher propensity for detonation even at 21 

relatively low autoignition front propagation speeds. 22 

Additionally, since τe of H2/air is notably lower (see 23 

Fig. 3), the corresponding ε reaches substantial values 24 

even at relatively small r0 (e.g., ε=33.4 at r0=2.5 mm 25 

in Fig. 4b). However, the peaks of Pmax/Pe-ξa curves 26 

of H2/air remain modest even at large ε (lower than 27 

2.6 in Fig. 4b). On the other hand, when H2/air 28 

mixture becomes lean or diluted with increased τe, 29 

both the trends of Pmax/Pe and the ξa range for 30 

detonation development align more closely with those 31 

of hydrocarbons, as shown in Figs. 4(c) and 4(d). 32 

Figure 5(a) summarizes the autoignition regimes 33 

across all conditions listed in Fig. 3. Within this 34 

diagram, the detonation regimes (i.e. regimes II) are 35 

encircled by the C-shaped ξa-ε curves. Notably, the 36 

detonation regimes of stoichiometric H2/air (C-7 to C-37 

9) are much broader than those of other conditions, 38 

with a significantly higher upper limit of ξa even at 39 

low ε levels. Conversely, the detonation regimes of 40 

lean (C-10) and diluted (C-11) H2/air closely resemble 41 

those of PRF/air and CH4/air, with the C-shaped 42 

boundaries effectively collapsing into each other. This 43 

establishes two discernible clusters of both detonation 44 

regimes and τe: one involves the stoichiometric H2/air 45 

with broad detonation regimes and short τe (C-7 to C-46 

9), and the other consists of remaining conditions with 47 

narrower detonation regimes and prolonged τe. 48 

Therefore, it is τe, rather than qmax or Qe, of IES that 49 

predominantly governs the detonation propensity. 50 

Note that condition C-8 exhibits a broad detonation 51 

regime, despite its qmax being much lower than those 52 

of C-7 and C-9 while aligning more closely with other 53 

conditions owing to the reduction of P0 (see Fig. 3).  54 
 55 

 56 
Fig. 5 (a) Regime diagram in the plot of ξa-ε, where 57 

different regimes are: (I) supersonic reaction front 58 

propagation, (II) detonation development, and (III) 59 

subsonic reaction front propagation. (b) Maximum value of 60 

Pmax/Pe in each Pmax/Pe-ξa curve corresponding to a given set 61 

of selected condition in Fig. 3 and specific value of r0. 62 
 63 

Figure 5(b) summaries the maximum values of 64 

Pmax/Pe (i.e. (Pmax/Pe)max) for each set of selected 65 

condition in Fig. 3 and specific value of r0. Two 66 

distinct groups are identified, which slightly differ 67 

from those in Fig. 5(a): one corresponding to all H2/air 68 

mixtures (i.e., stoichiometric, lean, and diluted), 69 

characterized by lower curve slopes and a constrained 70 

upper limit of (Pmax/Pe)max (less than 3); and the other 71 

associated with hydrocarbon/air, demonstrating a 72 

linear relationship between (Pmax/Pe)max and ε with 73 

much higher slopes and no evident upper limit of 74 

(Pmax/Pe)max (reaching up to 4). Consequently, while 75 

the detonation propensity is notably higher for 76 

stoichiometric H2/air compared to hydrocarbon fuels 77 

(see Fig. 5a), its intensity is significantly suppressed. 78 
 79 

 80 
Fig. 6 Change of the normalized maximum pressure, 81 

Pmax/Pe, with ξa under selected conditions listed in Fig. 3. 82 

The cyan points denote four specific cases: two for 83 

Condition C-3 with r0=5 mm (labeled as A and C) and two 84 
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for Condition C-7 with r0=0.8 mm (labeled as B and D). 1 

The values of r0 and ε are shown on the top of the figure.  2 
 3 

In order to exclude the influence of ε variations, 4 

Fig. 6 illustrates the change of Pmax/Pe with ξa at 5 

specific values of ε around 10 (i.e., spanning from 7.7 6 

to 11.6, as detailed on the top). Similar to the pattern 7 

observed in Fig. 4(b), for all stoichiometric H2/air 8 

conditions (C-7 to C-9), there exists a broad plateau 9 

in each Pmax/Pe-ξa curve, which lies in the detonation 10 

regime. On the other hand, the curves of PRF/air and 11 

CH4/air align closely, only displaying disparities 12 

among their peaks primarily due to variations in ε (for 13 

instance, the highest and lowest peaks in Fig. 6 14 

correspond to C-4 with ε=11.6 and C-5 with ε=8.1, 15 

respectively). Additionally, even at similar levels of ε, 16 

as H2/air becomes lean or diluted with increased τe, the 17 

Pmax/Pe-ξa curve and corresponding detonation regime 18 

shift towards hydrocarbon/air patterns.  19 
 20 

 21 
Fig. 7 Change of ξa with ξ under identical conditions as 22 

shown in Fig. 6. 23 
 24 

Figure 7 shows the relationship between ξa and ξ 25 

under identical conditions as shown in Fig. 6. The 26 

noticeable divergence of the curves between 27 

conditions C-7 and C-9 for H2/air, and that between 28 

C-5 and C-6 for CH4/air, highlight the significant 29 

impact of T0 on the ξa-ξ correlations. However, 30 

comparisons between C-7 versus C-8 for H2/air, C-1 31 

versus C-2 for PRF0/air, and C-3 versus C-4 for 32 

PRF100/air show minor influence imposed by P0. 33 

Moreover, the mixture composition, including fuel, 34 

equivalence ratio and dilution, is shown to profoundly 35 

influence the ξa-ξ relationship. For PRF/air, CH4/air, 36 

lean or diluted H2/air, the ξa-ξ curves share a common 37 

feature, exhibiting two distinct linear segments with 38 

different slopes, forming a reverse L-shape. These 39 

two segments, as detailed in Ref. [22], correspond to 40 

normal (left linear segment, at lower ξa and ξ) and 41 

over-driven (right linear segment, at higher ξa and ξ) 42 

detonation sub-regimes, respectively. However, for 43 

stoichiometric H2/air (i.e., conditions C7-C9), the ξa-44 

ξ curves manifest an S-shape, comprising three 45 

segments in larger detonation regimes (i.e. the curve 46 

parts with Pmax/Pe≥2). This suggests the existence of 47 

an additional detonation sub-regime on the right side 48 

of the over-driven detonation sub-regime as ξa or ξ 49 

further increases.  50 

Figure 8 shows the transient propagation process 51 

of autoignition front for the four cases marked as 52 

points A-D in Fig. 6. Pmax,t and ua,t represent the 53 

transient values of spatial maximum pressure and 54 

autoignition front propagation speed, respectively, 55 

and r denote the corresponding coordinate where 56 

Pmax,t or the autoignition front is located. The first pair, 57 

A and B, correspond to the peaks of Pmax/Pe-ξa curves 58 

of C-3 (PRF100/air) and C-7 (H2/air), respectively. 59 

The second pair, C and D, correspond to a higher ξa 60 

value (i.e., ξa=2.6) in the same Pmax/Pe-ξa curves. 61 

Figures 8(a) and (b) show that both cases A and B 62 

belong to the overdriven detonation sub-mode [22]. In 63 

this sub-mode, the autoignition front propagates 64 

supersonically (i.e. a/ua,t<1) within the hot spot, and 65 

a detonation wave forms outside the hot spot, initially 66 

with a boosted local pressure that subsequently decays 67 

to a normal level (for H2/air, it is Pmax,t/Pe=2.0). On 68 

the other hand, as ξa increases in cases C and D, the 69 

autoignition front propagates sub-sonically (i.e. 70 

a/ua,t>1) within the hotspot. This leads to the subsonic 71 

reaction front propagation mode for PRF100/air in 72 

case C, while a detonation wave forms outside the hot 73 

spot for H2/air in case D, due to the extremely high 74 

reactivity of its IES. Here, no boosted local pressure 75 

is observed and thus it can be classified as an 76 

additional normal detonation development sub-mode 77 

with steady detonation pressure (Pmax,t/Pe=2.0 in Fig. 78 

8c). Therefore, different from hydrocarbon/air 79 

(PRF/air and CH4/air) and lean or diluted H2/air,  80 

stoichiometric H2/air mixture exhibits three 81 

detonation sub-modes consecutively as ξa increases: a 82 

normal sub-mode, an overdriven sub-mode (as 83 

referred to in Ref. [22]), and an additional normal sub-84 

mode. The third sub-mode corresponds to the broad 85 

plateau on the right side of the Pmax/Pe peak in Fig. 6 86 

and the rightmost segment of the S-shape curve within 87 

the detonation regime in Fig. 7. This sub-mode greatly 88 

expands the detonation regime of stoichiometric 89 

H2/air, resulting in a notably higher detonation 90 

propensity as shown in Fig. 5(a). 91 
 92 
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Fig. 8 Change of Pmax,t/Pe and a/ua,t with the corresponding 1 

normalized location, r/r0. The hot spot area with r/r0≤1 is 2 

highlighted by orange background. The horizontal dash-dot 3 

lines in Figs. (b) and (d) denote a fixed value of a/ua,t=0.35. 4 

We have a/DC-J=0.32 for cases A and C, and a/DC-J=0.36 5 

for cases B and D.  6 
 7 

4. Conclusions 8 

 9 

This study numerically investigates the transient 10 

autoignition and detonation development processes 11 

induced by a hot spot. The emphasis is on assessing 12 

the chemical effects on detonation development for 13 

different initial states and fuels including H2, CH4, and 14 

PRFs. It is demonstrated that the excitation time τe 15 

(the maximum heat release rate qmax) of stoichiometric 16 

H2/air is significantly shorter (larger) than those of 17 

PRF/air, CH4/air, lean H2/air, and diluted H2/air 18 

mixtures, while the excitation heat release Qe is 19 

similar for all mixtures. Therefore, stoichiometric 20 

H2/air has a potential reinforcement on the intense 21 

exothermic stage (IES), leading to strengthened local 22 

pressure accumulation. The key elementary reactions 23 

dominating the autoignition process are identified by 24 

sensitivity analysis. Their impact on the IES primarily 25 

stems from their influence on the radical pool build-26 

up, rather than on the heat release rate. Reactions that 27 

facilitate radical pool accumulation tend to promote 28 

the IES (i.e., to reduce τe and increase qmax), while 29 

those impede radical pool build up and weaken the 30 

IES. Kinetic effects on the IES are mitigated at higher 31 

temperatures or lower pressures. Only H+O2⇌O+OH 32 

and H2O2(+M)⇌OH+OH(+M) significantly affect 33 

both τe and the ignition delay time τig, suggesting that 34 

the kinetic pathway controlling the IES differs 35 

somewhat from that governing the overall ignition. 36 

The trends of normalized maximum pressure, 37 

Pmax/Pe, of 1D autoignition exhibit similar patterns 38 

among hydrocarbon/air and lean or diluted H2/air 39 

mixtures. However, they greatly differ from that of 40 

stoichiometric H2/air, characterized by a broad 41 

plateau in Pmax/Pe-ξa curve. In the ξa-ε diagram, two 42 

types of detonation feature are identified: one 43 

corresponds to the stoichiometric H2/air with broad 44 

detonation regimes, and the other is associated with 45 

other fuel/air mixtures with narrow detonation 46 

regimes. These results indicate that it is τe, rather than 47 

qmax or Qe, that predominantly governs detonation 48 

development. All H2/air mixtures (stoichiometric, 49 

lean, and diluted) exhibit a suppressed detonation 50 

intensity (i.e., with lower Pmax/Pe) compared with 51 

hydrocarbon/air mixtures. Moreover, different from 52 

hydrocarbon/air and lean or diluted H2/air mixtures 53 

which only have two detonation sub-modes (i.e., 54 

normal and overdriven sub-modes), stoichiometric 55 

H2/air mixture has an additional normal detonation 56 

sub-mode at larger ξa, due to its significantly higher 57 

reactivity of the IES. This sub-mode leads to the broad 58 

plateau in the Pmax/Pe-ξa curve, and greatly expands 59 

the detonation regime of stoichiometric H2/air, 60 

resulting in a notably higher detonation propensity.  61 

It is noted that although the parameter ξa used in 62 

this study better quantifies transient autoignition front 63 

propagation and elucidates the interplay between the 64 

local chemical reactions and pressure waves, 65 

compared to the counterpart parameter ξ proposed by 66 

Bradley and colleagues, calculating ξa requires 1D 67 

simulation results, whereas ξ can be readily obtained 68 

from 0D autoignition simulations. Therefore, further 69 

investigation into the intrinsic relationship between ξa 70 

and ξ across various fuels and conditions is necessary 71 

for more efficient and accurate prediction of 72 

detonation development.  73 
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